Carboxylated multi-wall carbon-nanotubes (CNTs) monolayers are integrated on microfabricated all-polymer micro-electromechanical systems (pMEMS) resonator bridges on glass substrates. The structural layer of the MEMS bridges is a multilayer blended conductive polymer based on poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) to which functionalized CNT monolayers are electrostatically attached. The resonance frequency (f res ) of electrostatically actuated pMEMS bridges was measured as a function of their length (32-67 lm) for different multilayer compositions. A significant increase in f res and quality factor (Q) with the addition of CNT monolayers to the PEDOT:PSS structural material is observed, demonstrating that CNT monolayers can be used to modulate pMEMS resonator properties.
Micro-electromechanical systems (MEMS) are threedimensional microdevices that can act as sensors, actuators, or passive structures. Most commercial products based on MEMS currently use single-crystal silicon or polycrystalline silicon as the structural material. However, due to their relatively low cost, simple processing, and variety of chemical structures available, polymer based MEMS (pMEMS) is an expanding research field. 1, 2 The potential to engineer the mechanical, electronic, and chemical properties of pMEMS over a wide range is an advantage over conventional silicon MEMS. Polymers have low density, low Young's modulus (E), and high yield strength. The bulk mechanical and also the surface properties of polymers (as well as their blends and/or multilayers) can be adjusted by changing chemical and physical parameters and may lead to the development of novel sensors. An obvious application of pMEMS is in the "flexible and stretchable electronics" field in which polymers can work not only as the substrate but also as electronic or micromechanical functional devices.
Different types of all-polymer MEMS actuators have been demonstrated such as, polydimethylsiloxane (PDMS) cantilevers, 3 ,4 SU-8 microgrippers, accelerometers and variable optical attenuators, 5, 6 freely suspended microstructures, and vertical comb actuators based on poly(methyl methacrylate) (PMMA) and polystyrene. 7, 8 To achieve electrostatic actuation of a MEMS structure, a conductive structural material or layer is needed. In this work, we report the demonstration of an allpolymer electrostatically actuated MEMS resonator based on the conductive polymer, poly (3,4-ethylenedioxythiophene) : poly(styrenesulfonate) (PEDOT:PSS) blend as the structural material 9 whose mechanical and resonance properties have been modified by the integration of carbon nanotubes (CNTs).
Microbridges were processed on glass substrates by surface micromachining. Those structures showed a high sensitivity to the applied electrical force, and a quality factor (Q) in vacuum of the order of 100. CNTs, besides their high aspect ratio and exceptional electrical and thermal properties, have been shown to have very high axial E $1 TPa. 10 Hence, in this work, CNTs are investigated as an ideal reinforcement phase for creating electrically conductive polymer-CNT composites for integration in pMEMS. Important challenges to address are the dispersion of CNTs oriented uniaxially in the host polymer matrix (thus maximizing the composite stiffness) and overcoming the CNTs strong tendency to agglomerate.
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A multilayer consisting of spin coated PEDOT:PSS interspersed with carboxylated multi-wall CNT monolayers was developed to function as the structural layer in pMEMS microresonators. The conductive PEDOT:PSS mixture was prepared with the following composition in %(v/v): isopropanol (7.6%), PMMA (photoresist AR-P679.04 -950k) (1.5%) and its solvent 2-methoxy-1-methylethyl acetate (PGMA, AR300-12) (7.6%). The PEDOT:PSS thin film was prepared by spin-coating and, after baking at 100 C for 2 h, was NH 2 -functionalized with 3-aminopropyltriethoxy silane (APTES) 10% (v/v) in H 2 O. The carboxylated CNTs (NC 3101, average diameter and length of 9.5 nm and 1.5 lm, respectively, in a phosphate buffer solution (100 lg/ml)) were electrostatically attached by dip coating (overnight) to the functionalized surface through the interaction between the positively charged amine groups and the negatively charged carboxyl groups. A randomly oriented CNT monolayer was obtained as shown in the micrograph of Fig. 1 (:PEDOT) layer and a structure using a double layer (PEDOT:PSS/CNT) Â 2/PMMA structure (:CNT2) were also micro-fabricated and characterized. For CNT2 the 1 st PEDOT:PSS layer is 300 nm thick and the 2 nd PEDOT:PSS layer is 100 nm thick. All fabricated structures have a total thickness (t) of $ 500 nm ($400 nm of overall thickness of the PEDOT:PSS layers and a 100 nm PMMA protective layer on the top). The micro fabrication process, which was carried out at T 110 C is schematically described in Fig. 2 . TiW (200 nm) is deposited using radio-frequency (RF) magnetron sputtering and is patterned by wet etching as the bottom contacts to the bridge and gate. Aluminium is deposited by RF magnetron sputtering and patterned by wet etching to form the sacrificial layer (1.3 lm thick). The polymer structural layers are spin coated at room temperature (after each spin coat the film is baked at 100 C for 1 min), and the stack is patterned by plasma etching using an Al hard mask. A FeCl 3 Á6H 2 O solution (0.05 g/ml) is used as the sacrificial layer etchant. As-spun PEDOT:PSS thin films have an electrical conductivity (r) of $1 S/cm. However, processing degrades r significantly. Microfabricated PEDOT:PSS bridges have r ¼ 5 Â 10 À5 S/cm, but their conductivity increases with the presence of CNT layers (CNT1: r ¼ 9 Â 10 À4 S/cm; CNT2: r ¼ 4 Â 10 À3 S/cm). Microbridges with widths (w) of 10 lm and lengths (L) from 32 to 67 lm were fabricated and characterized electromechanically. An SEM micrograph of a typical bridge structure is shown in Fig. 3 . The resonance characteristics (fundamental flexural resonance frequency, f res , and Q) were measured in vacuum (10 À6 Torr) at room temperature by applying a voltage with DC and AC components between the bridge and the gate electrodes. An AC voltage of 1.26 V was used in all experiments. The resonance frequency of individual bridges was monitored by using an optical detection setup described in Ref. 12 . Representative resonance peaks of PEDOT and CNT2 bridges are shown in Fig. 4 . In Fig. 5 f res is plotted as a function of L for the different multilayer bridges. Fig. 5 shows that the addition of a CNT layer significantly increases f res of the pMEMS resonator. Analytical mechanical modelling of f res for the different multilayer bridges was made using a model described previously. 13 For a clamped-clamped bridge with a given number of layers, the fundamental resonance frequency of the flexural mode is approximately given by
where (EI) eff is the effective rigidity of the multilayer microbridge (as defined in Ref. 13 ), l eff is the mass per unit length of the suspended bridge, t eff is the total thickness, and r 0 is the residual axial stress. The 1 st term in Eq. (1) . The CNT monolayer was modeled as a 9.5 nm thick continuous layer (corresponding to the average diameter of the CNT) with an average q CNT ¼ 1500 kg/m 3 . A single CNT has an E $1 TPa but CNT thin films (also called buckypaper) are predicted to have lower E values. The highest experimental E value found in literature for (single wall) CNT thin films is 357 GPa.
14 For the simulation, effective E CNT values ranging from 1 GPa to 1 TPa were considered. However, the experimental values of f res for the CNT1 and CNT2 bridges show a much stronger 1/L component than the PEDOT bridges, and the simulated results were less sensitive to the exact value of E CNT since the dominant contribution to f res is due to the residual stress. Both the experimental results and the simulations suggest that the axial stress present in the CNTcontaining multilayers is higher than the CNT-free cases and a value of r 0 ¼ 20 MPa for both CNT1 and CNT2 structures was required to obtain a good fit.
In Fig. 6 the Q's obtained for the different structures are shown. For PEDOT bridges Q's $100 were obtained. The addition of a CNT layer significantly increases the Q-values which approach 1000 for the CNT2 bridges. The most significant source of energy loss (in the form of heat) for polymer microresonators is expected to come from internal friction when the bonds in the polymer structure chains move during the vibration of the structure. 9 The higher stress observed in the multilayer bridges suggests the presence of a strong interfacial adhesion between the CNTs and the polymer matrix. 11 The CNT monolayers are expected to have high thermal conductivity 15 and could help dissipate the heat produced by the internal friction of the polymer and thus lead to the observed increase in Q.
All-polymer, electrostatically actuated MEMS resonator bridges based on PEDOT:PSS blended conductive polymer with integrated carboxylated multi-wall CNT monolayers were microfabricated and their electrostatically actuated resonance frequency and quality factor were measured as a function of the structure of the bridge and the length of the resonator. The addition of CNT monolayers allowed the tuning of the resonance frequency of the composite and the improvement of the Q of the resonator. The f res for CNT-polymer composite bridges is dominated by the presence of increased axial stress. Molecular control of the CNT interaction with the polymer layers may offer a way to control the axial stress of the polymer structural layer and, consequently, the resonator properties. In this letter, this interaction was achieved via electrostatic interaction, but covalent bonding and hydrophobic interactions can also be designed into the system. 
